Both the maternal (F-type) and paternal (M-type) mitochondrial genomes of the Mytilus species complex M. edulis/galloprovincialis contain a noncoding sequence between the l-rRNA and the tRNA Tyr genes, here called the large unassigned region (LUR). The LUR, which is shorter in M genomes, is capable of forming secondary structures and contains motifs of significant sequence similarity with elements known to have specific functions in the sea urchin and the mammalian control region. Such features are not present in other noncoding regions of the F or M Mytilus mtDNA. The LUR can be divided on the basis of indels and nucleotide variation in three domains, which is reminiscent of the tripartite structure of the mammalian control region. These features suggest that the LUR is the main control region of the Mytilus mitochondrial genome. The middle domain has diverged by only 1.5% between F and M genomes, while the average divergence over the whole molecule is ‫.%02ف‬ In contrast, the first domain is among the most divergent parts of the genome. This suggests that different parts of the LUR are under different selection constraints that are also different from those acting on the coding parts of the molecule.
S
EVERAL species of the mollusk bivalve families Mytiis its gene order, which has undergone many rearrangements compared to the mtDNA of most metazoans. It lidae, Unionidae, and Veneridae are known to have a mitochondrial DNA (mtDNA) system that differs radicontains the full complement of genes of the metazoan mtDNA and an extra tRNA for methionine, but lacks cally from that of other animal species (Skibinski et al. 1994a,b; Zouros et al. 1994a,b; Liu et al. 1996 ; Hoeh the ATPase8 subunit gene. It also contains five intergenic sequences of no apparent function, four of which are et Passamonti and Scali 2001; Serb and Lydeard 2003) . The system, known as doubly uniparenrelatively small (79-119 bp) and one of which is large ‫2.1ف(‬ kb). The latter sequence, which we call here the tal inheritance (DUI; Zouros et al. 1994a) , is characterized by the presence in the same species of two mtDNA large unassigned region (LUR) to distinguish it from the smaller sequences of unassigned function, is the genomes, one that is transmitted through the egg (the F genome) and another that is transmitted through the focus of this study. The Hoffmann et al. (1992) sequence was published sperm (the M genome). In the Mytilus species M. edulis, M. galloprovincialis, and M. trossulus, in which DUI has before the discovery of DUI. Subsequent sequencing of selected mtDNA regions from female and male gonads been studied more extensively, it is known that females are normally homoplasmic for the F genome and males showed that the Hoffmann et al. (1992) sequence was of the F-type (Skibinski et al. 1994b ; Rawson and Hilbish are heteroplasmic, with their somatic tissues dominated by the F and their gonad by the M genome (Skibinski 1995; Stewart et al. 1995) . These and subsequent studies (Hoeh et al. 1997; Quesada et al. 1998 Quesada et al. , 1999 Quesada et al. ) showed et al. 1994a Zouros et al. 1994a,b; Stewart et al. 1995; Garrido-Ramos et al. 1998) .
that the two sex-specific sequences differ by Ͼ20%, a difference normally found among mitochondrial ge- Hoffmann et al. (1992) published the sequence of nomes from species of distant taxonomic units. The 13.9 kb of the total of 17.1 kb of the M. edulis mitochonsame studies showed that the M genome evolves faster drial genome. The most striking feature of the genome than the F genome. The faster evolution of the M genome was subsequently observed in freshwater unionid mussels (Liu et al. 1996; Hoeh et al. 1997) and venerid TGG C-3Ј and UNREV1, 5Ј-AGC TCA CCA CCT ATT CCT the M and the F mussel mtDNA evolve at higher rates C-3Ј, which correspond to nucleotide positions 3218-3236 and than the mtDNA of other animals.
4654-4636 of segment 5 of the M. edulis mitochondrial F Another conclusion from the above studies is that, in genome (Hoffmann et al. 1992) . One band was obtained in spite of their large differences in nucleotide substitufemales and two in males. Of the two male bands, one was weaker and of the same size as the female band, and the other tions and amino acid replacements, the F and M ge- (Rozas et al. 2003) was used to generate the input file for the DNA-slider program. Prediction of potential secondary structures was performed MATERIALS AND METHODS by the online version of the mfold software, version 3.1 (Zuker 2003) . Sample collection and identification: Mussels were collected from Canada (Lunenburg Bay, Nova Scotia; individuals w22, w24, w128, and w143), the United States (Totten Inlet, Puget Sound, Washington; individual 6), and France (Morgat, Bay RESULTS of Douarnenez, West Brittany; individuals 1 and 12), and transWe have included in this study sequences from seven ported alive to the laboratory where they were sexed by examining the gonad under a light microscope for the presence individual mussels-three females, two of which beof sperm or eggs (Table 1) . Total DNA was extracted from longed to species M. edulis and one to its sibling species gonad tissue using a modified salt extraction procedure M. galloprovincialis, and four males, two of which be- (Miller et al. 1988) . Species identification was performed by longed to M. edulis and two to M. galloprovincialis (Table   PCR amplification of the internal transcribed spacer of the 1). We focused on a segment of the mitochondrial genuclear ribosomal RNA genes and HhaI restriction of the PCR product to produce species-specific restriction patterns nome that includes part of the l-rRNA gene, the LUR, (Heath et al. 1995) . As a second assay, we used the restriction and a small part of the tRNA Tyr gene. Each sequence was patterns of the polyphenolic adhesive protein Glu gene, as characterized as F-type or M-type on the basis of the described by Rawson et al. (1996) .
part of the l-rRNA gene, whose as is the case with most female mussels. Male mussels normally contain an M-type and an F-type sequence ("typical" males), but exceptional males that lack an M-type sequence at the examined part of the molecule ("atypical" males) can be found in varying frequencies in natural populations (see Ladoukakis et al. 2002 for review and terminology). All four males used in this study were typical; i.e., they yielded an F-type and an M-type sequence. Thus, the whole set of data consisted of 4 M-type and 7 F-type sequences. The 11 nucleotide sequences are given in the appendix with the corresponding sequence from Hoffmann et al. (1992) . The tripartite structure of the LUR: The large unassigned region of the mussel mtDNA was first identified itself can be identified from the tRNA folding pattern.
In contrast, the 3Ј-end of the l-rRNA gene cannot be readily identified because the length of the gene as modified internal length variance (Q IL ) are 0.0008 (P ϭ well as the sequence of its 3Ј-end vary among metazoan 0.018) and 0.0014 (P ϭ 0.044), respectively. For the species (e.g., Hatzoglou et al. 1995) . This introduces eight F sequences (using the M sequence em.w143-M an arbitrariness regarding the 5Ј starting point of the as outgroup), the corresponding figures are V IL ϭ 0.0009 LUR. For consistency, we have used the same starting (P ϭ 0.084) and Q IL ϭ 0.0024 (P ϭ 0.036). Goss and point as Hoffmann et al. (1992) .
Lewontin ( 1996) suggest that the null hypothesis of Visual inspection of the 12 aligned LUR sequences homogeneity should be rejected even if only one of the (appendix) suggests that there is a high degree of differtwo tests is significant. We conclude, therefore, that entiation between the set of F sequences and the set of there is substantial heterogeneity of divergence across M sequences. The first and most marked difference is the LUR, even if distribution of indels is ignored. the presence of a large number of indels of varying To provide statistical support for the internal points length. Gaps are more common in the M sequences that define the middle region of LUR, we first searched with the net result that M sequences are shorter than for the nucleotide position that divides the LUR in two F by ‫052ف‬ bp. Among the 4 M sequences examined, parts (first domain vs. second and third domains) in the length varied from 925 to 937 bp, whereas among such a way that heterogeneity of the two parts in the the 8 F sequences the length varied from 1156 to 1194 distribution of fixed vs. variable sites is maximized (all bp (Table 1) . Indels are not randomly distributed over 12 sequences and gap positions considered). The 2 ϫ the LUR. Starting from the 5Ј-end, they are commonly 2 chi-square homogeneity test that produces the highest found for about half of the length, are practically absent value corresponds to alignment position 897, which is in the next ‫063ف‬ nucleotide positions, and become also the position of the last indel that differentiates F prominent again in the remaining part of LUR. This from M sequences before the region of low sequence indel-based division of LUR in three parts is further divergence (appendix and Figure 1) . To identify the supported by the degree of inter-and intragenomic other end of the middle domain, we followed the same variation along the region. Figure 1 gives the percentage method for the part of LUR downstream from position of sites, in consecutive lengths of 30 bp, that are fixed 897. Exempting the large terminal indel, the length for the same nucleotide in all 12 sequences. Presence from position 897 to position 1343 (where the large of a different nucleotide or an indel in a nucleotide indel starts) is maximally divided at position 1265, which position is counted as a difference. Identity is consisis also the last point before the reappearance of indels. tently low in the first part of the LUR, rises dramatically
We refer to the three parts of LUR defined by these in the second part, and drops again in the third.
nucleotide positions as variable domain 1 (VD1), conStatistical tests of the distribution of variability across served domain (CD), and variable domain 2 (VD2). It a sequence in a collection of sequences normally ignore must be emphasized that the division points are mostly indels, which, as noted, constitute a prominent distinfor reference. Burzynski et al. (2003) have also noted guishing feature of F from M LURs. Even so, the Goss that the large unassigned region of the M. edulis species and Lewontin (1996) test yields significant results. For complex can be divided in terms of polymorphism in the four M sequences (using the F sequence em.w143-F three regions, which correspond closely to ones described here. as outgroup), the interval length variance (V IL ) and the VD1 is the most variable region. Its length in the F mtDNA, it was considered as the prime candidate for the main control region (Burzynski et al. 2003) . To genomes is 654 bp (Table 1 ). An exception occurs in one M. galloprovincialis sequence (sequence gm.6-F), produce evidence for this hypothesis, we compared the LUR with well-characterized control regions of other which carries a 36-bp insert (appendix) that is an almost perfect repeat of the preceding 36 bp and has most animal mitochondrial genomes, namely the fruit fly Drosophila melanogaster (Goddard and Wolstenholme 1978, probably resulted from replication slippage (Levinson and Gutman 1987) . The length of VD1 is 490 bp in 1980; Clary and Wolstenholme 1985, 1987; Lewis et al. 1994) , the sea urchins Strongylocentrotus purpuratus two M genomes, 488 bp in a third, and 500 bp in the fourth. The latter size was found again in a M. galloproand Paracentrotus lividus (Jacobs et al. 1988 (Jacobs et al. , 1989 Cantatore et al. 1989 Cantatore et al. , 1990 ; Elliott and Jacobs 1989; vincialis individual (sequence gm.12-M) and is due to an insert of 10 adenines that is flanked by strings of Mayhook et al. 1992; Loguercio Polosa et al. 1999; Roberti et al. 1999) , and the mammal Homo sapiens adenines, also a possible result of replication slippage. The length of the central domain (CD) is similar in F (reviewed by Shadel and Clayton 1997; Saccone et al. , 2002 Taanman 1999; Clayton 2000) . In addiand M genomes, varying between 366 and 368 bp. The third domain (VD2) is dominated by strings of purines tion, we searched the LUR for the presence of palindromes that have the ability to form secondary struc-(73.8% A ϩ G, compared to 55.2% for the first region and 53.9% for the second) and contains a 67-bp gap tures and could, therefore, be involved in the regulation of replication and transcription (Brown et al. 1986) or that is present in all M sequences and absent in all F sequences. This is the largest indel for the whole LUR.
of motifs that have sufficient sequence similarity with known cis-acting elements. The fruit fly control region is Mean intergenomic divergence and mean intragenomic diversities are listed in Table 1 for the three LUR dodominated by strings of A and T residues and, therefore, provides no suitable background against which to search mains and for the sequenced part of l-rRNA. The values for l-rRNA are typical of the whole genome (Rawson for regional similarities with the LUR. Tracks of TA are found in the LUR, but a direct correspondence with and Hilbish 1995; Stewart et al. 1995; Hoeh et al. 1996; Quesada et al. 1998) . Divergence in the central those of the fruit fly control region cannot be made. The sea urchin's control region is only 121-136 bp domain of LUR is lower than is typical for the genome by an order of magnitude, but higher by ‫5.2ف‬ times in long (S. purpuratus, 121 bp, Jacobs et al. 1988; P. lividus, 132 bp, Cantatore et al. 1989 ; Arbacia lixula, 136 bp, the first domain. The third domain is not different from l-rRNA or the rest of the genome. As expected for these
De Giorgi et al. 1996) and, as a whole, it shows little sequence similarity with the LUR or the human control values, phylogenetic trees (see online figure "NJ-trees" available at http://www.genetics.org/supplemental/) region. However, Jacobs et al. (1988 Jacobs et al. ( , 1989 and Cantatore et al. (1989 Cantatore et al. ( , 1990 ) have suggested several analogies based on Kimura two-parameter distances produced a clear separation of the F and M sequences for all four between the human and the sea urchin control region, which they characterized as a "condensed version" of the parts, except for one F sequence (gm.6-F), which clustered with the M sequences in the tree based on the vertebrate mtDNA replication origin. More specifically, direct experiments (Jacobs et al. 1989 ; Cantatore et CD region.
The recognition of three parts in the LUR, of which al. 1990) imply that the mechanisms of replication initiation of sea urchin and vertebrate mtDNA are similar the central part is conservative and the two flanking parts are variable, is suggestive of a structural similarity and that the major noncoding region of the sea urchin mtDNA contains sequence motifs that are homologous with the control region of vertebrate mtDNA. This tripartite structure is well established in mammals (Sacto the mammalian conserved sequence blocks (CSBs; Cantatore et al. 1989) . Analogies of this type also exist cone et Sbisà et al. 1997; Stoneking 2000) and has also been observed in other vertebrates between the sea urchin control region and the LUR (Figure 2 ). The S. purpuratus control region contains a (Saccone et al. 1987 string of similar length (varying from 21 to 26 bp) with 80% in G is found in the third domain of LUR. The Evidence that the LUR is the main control region of the mussel mtDNA: Most animal mitochondrial geproximal domain of the sea urchin (nucleotide positions 1-74) shows loose correspondence with a region nomes have a "major" noncoding region, which is distinctly longer than other "minor" noncoding regions in the conserved domain of LUR. The distal domain (nucleotide positions 95-121) is more interesting beand contains elements involved in the regulation of replication and transcription (Wolstenholme 1992;  cause it contains the motif TATATATAA, which is the consensus sequence found in the other four noncoding Shadel and Clayton 1997; Boore 1999; Saccone et al. 2002) . Such elements are also found in smaller nonregions of echinoid mtDNA (De Giorgi et al. 1996) and may represent a bidirectional promoter (Elliott and coding regions (see discussion). Because the LUR is, as noted, the largest noncoding segment of the mussel See text for explanation of symbols used for human elements. The mussel sequences are from ef.w22-F (F-type) and em.w143-M (M-type; appendix). The sea urchin sequence used is from S. purpuratus, GenBank accession no. NC001453, region 1085-1205 (Sp1-3). The human sequence used is the revised Cambridge reference sequence, GenBank accession no. NC001807, corrected according to Andrews et al. (1999) and annotated by Wallace and Lott (2003) . Numbers in parentheses correspond to the probability that the sequence match is accidental, as obtained from the online program PRDF (Pearson and Lipman 1988) for 1000 replicates (ktup ϭ 1). 1999) or a binding site for transcription termination elements show statistically significant sequence similarity with an equal number of motifs in the LUR (Figure factors (Roberti et al. 1991 (Roberti et al. , 1999 Loguercio Polosa et al. 1999; Fernandez-Silva et al. 2001) . The same 2). These are the termination-associated sequence (TAS) element, which is considered as the termination motif is found in the conserved domain of the Mytilus LUR. Interestingly, the sequence around this motif also site of heavy-strand synthesis (Doda et al. 1981) ; the CSB1 (conserved sequence block) element, which is shows similarity between the two molecules, which drops the farther one moves away from the motif (Figure 2) . one of the three CSBs assumed to play a role in replication and/or transcription (Chang and Clayton 1985); The control region of the human mitochondrial genome contains several elements for which there is firm and three binding sites of transcription factors (mTF1, Fisher et al. 1987; mt3 and mt4, Suzuki et al. 1991) . For evidence that they are involved in the initiation or termination of replication or transcription of the genome other elements of the human control region, sequence similarity with parts of the LUR was below the conven-(see Wallace and Lott 2003 for review). Five of these tional 5% level of significance (data not shown). We the beginning of the first region to the beginning of TAS (Brown et al. 1986) . We have also noted that about note that low sequence similarity of homologous elements (or even complete absence of an element) is half of the second domain of the LUR can be folded into a stem-like secondary structure (Figure 4 ). This often observed in comparisons of control regions from different mammalian species (Sbisà et al. 1997 ; Saccone induced us to examine if a similar structure can be formed in the human control region. Indeed, about et al. 2002) .
The search for folding sequences in the LUR identitwo-thirds of the second domain can fold to produce a stem-like secondary structure similar to the one of the fied one tRNA-like structure in the first domain of the F genome and two in the first domain of the M genome Mytilus LUR. No secondary structures of any comparable size can be found in the much smaller sea urchin (Figure 3 ). In the human control region there is also a similar tRNA-like secondary structure extending from control region.
quence similarity in the LUR and the human control region are shown above the line in Figure 5 . The arrangement of these elements along the lengths of the LUR and the human control region invites comment. With the exception of mtTF1, which in the LUR is before rather than after CSB1, all elements and the folding sequences are colinearly arranged. Three elements (mt4, CBS1, mtTF1) are closely located with each other in all three genomes and found in the second domain of LUR, but in the third domain of the human control region. Element mt3(L) is located farther upstream and within the stem-like structure in the second domain of all three genomes. TAS is located even farther up in the first domain of the genomes and after the sequence that forms a tRNA-like structure.
DISCUSSION
In this study we examine the hypothesis that the large noncoding region of the Mytilus mtDNA (LUR) is the main control region of this genome. We consider this to be an important issue, given the exceptional mtDNA transmission system of this species, i.e., its DUI. A central question about DUI is whether there is a systematic difference in information content between maternally and paternally transmitted genomes. From the nearly full sequence of the F genome of M. edulis (Hoffmann et al. 1992 ) and the complete sequence of the M and F genome of its sibling species M. galloprovincialis (Gen Bank accession nos. AY363687 and AY497292, respectively; A. Mizi, E. Zouros, N. Moschonas and G. C. Rodakis, unpublished results) we know that the two molecules are identical in terms of coding genes and gene order, even though highly divergent in terms of nucleotide substitutions and amino acid replacements. Consideration of the LUR as a possible control region required the examination of a collection of F and M sequences, first because sequences of noncoding regions are known to foster large amounts of variation and second because only the examination of several LURs from each type of mtDNA could help identify F-specific and M-specific differences. vided into three domains, which differ in the amount of indels and in the rate of divergence among themselves and differ from the other parts of the genome for which there is information on variation in natural Figure 5 summarizes the information from the comparison of the LUR with the sea urchin and human populations Stewart et al. 1995; Hoeh et al. 1996; Quesada et al. 1998) . The control regions. The two Mytilus and the human control regions are presented as tripartite structures. The three LUR contains one of the slowest and one of the fastestevolving parts of the mussel mtDNA. Given that these domains of the sea urchin control region, as defined above, are shown in Figure 5 below the line of the two parts are exposed to the same stochastic forces (and barring the unlikely possibility that the mutation rate LURs in the positions with which they show highest affinity. The three regions that can fold into secondary could vary drastically among adjacent segments), there can be little doubt that the pronounced difference in structure and the five motifs that show statistical se- al. 1995) . In Amphioxus, the longest noncoding segment is 57 bp and does not contain palindromes or any an important function in the mitochondrial genome.
Most animal mitochondrial genomes contain a major motif known to be implicated in the replication of the mtDNA (Spruit et al. 1998) . No fewer than 28 small noncoding region and several smaller ones. As a rule, the major noncoding region is found to contain ele-(from 2 to 282 bp) noncoding regions were found in the mtDNA of the fresh water bivalve Lampsilis ornata, ments that are involved in the regulation of replication and transcription (Shadel and Clayton 1997) . It is but they were not reported to contain motifs with notable similarity to known regulatory elements, except an noteworthy, however, that particular motifs and palindromes that function as promoters [such as the origin increased A ϩ T content in a 136-bp noncoding region (Serb and Lydeard 2003) . of replication of the light strand (O L ); Chang et al. 1985; Roe et al. 1985; Clary and Wolstenholme 1987;  The evidence that the LUR is the main control region of the mussel mtDNA can be summarized as follows. Okimoto et al. 1992; Clayton 2000] or as recognition signals for enzymes involved in transcription or proFirst, it is capable of producing characteristic secondary structures. Second, a motif of the sea urchin mtDNA cessing (Cantatore et al. 1989 (Cantatore et al. , 1990 Roberti et al. 1991 Roberti et al. , 1999 Mayhook et al. 1992; Valverde et al. 1994) molecule for which there is wide consensus that it plays a crucial role in replication and transcription (Elliott are located outside of the major noncoding region. For this reason the major noncoding region in vertebrates and Jacobs 1989; Cantatore et al. 1990; Roberti et al. 1991 Roberti et al. , 1999 De Giorgi et al. 1996 ; Loguercio Polosa is more accurately referred to as the main control region. The complete sequence of several mitochondrial et al. 1999; Fernandez-Silva et al. 2001) was found in the central, most conservative, domain of the LUR. Third, genomes has also shown that they contain a major noncoding region (Shadel and Clayton 1997; there are several similarities between the LUR and the mammalian control region. These include the tripartite 1999; Saccone et al. 2002) . Exceptions are the mtDNA molecules of the snake Dinodon semicarinatus and the structure, the presence of five motifs of significant sequence similarity and same relative position, and the cephalopod Loligo bleekeri, which, respectively, contain two (1018 bp) and three (507-515 bp) nearly identical presence of similar secondary structures in corresponding domains. Whereas each of these "matches" can be noncoding sequences (Kumazawa et al. 1998; Tomita et al. 2002) . Another exception is the presence of only fortuitous when taken in isolation, it is difficult to maintain this claim for the entire set of them. Fourth, the short noncoding regions. In the land snail Albinaria coerulea the largest noncoding region is 42 bp and concomplete sequence of the F and M genomes (GenBank Burzynski, A., M. Zbawicka, D. O. Skibinski and R. Wenne, 2003 accession nos. AY363687 and AY497292, respectively; A.
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